A B S T R A C T The dynamic equilibrium between in vivo occupied and unoccupied 1,25-dihydroxyvitamin D3 [1, 25(OH)2D3] receptors of the chick intestinal mucosa was investigated by the exchange assay previously reported [(1980). J. Biol. . These parameters and their correlation to biological response, i.e., the levels of intestinal vitamin D-dependent calcium binding protein (CaBP), were assessed under different physiological conditions. After a single 1,25(OH)2D3 injection (3.25 nmol), occupied receptor levels increased sharply to a maximum between 1 and 2 h, followed by a rapid decline. A single dose of la-hydroxy-vitamin D3 [la(OH)D3], an analog that requires 25-hydroxylation for biological activity, resulted in a protracted, albeit lower, response with maximal receptor occupancy at 6 h and half maximal levels 24 h after injection. The intestinal receptor occupancy patterns mirrored the serum 1,25(OH)2D3 levels after either 1,25(OH)2D3 or la(OH)D3 treatment. Additionally, time-course (half-life) of blood disappearance of 1,25(OH)2D3 and occupied receptor levels were similar (1.9 and 2.3 h, respectively), suggesting that the amount of occupied 1, 25 this value the apparent Kd in vivo is 3.7 nM, which is similar to that determined in vitro. A 10-fold increase in the la(OH)D3 dose resulted in less than a doubling of the levels of serum 1,25(OH)2D3, occupied 1,25(OH)2D3 receptors, or CaBP. Under all experimental conditions, there was a positive correlation between occupied receptor and CaBP levels; however, the slope of the lines depended on the times chosen for the assays due in part to the lag period for CaBP induction and its accumulation within the cell. Conversely, the correlation between serum 1,25-(OH)2D3 levels and occupied receptor levels yielded a single regression line independent of the observation time. Short and long-term treatment with different vitamin D metabolites, estrogen, progesterone, or cortisol did not affect the levels of total intestinal 1,25(OH)2D3 receptor. Under normal physiological conditions, only 10-15% of the total 1,25(OH)2D3 receptor population was occupied by ligand. These studies provide a basis for further investigations of physiological and biochemical parameters of the vitamin D endocrine system and their clinical applications.
INTRODUCTION
1,25-Dihydroxyvitamin D3 (1, 25 [OH]2D3),' an active metabolite of vitamin D3, exerts at least part of its ' Abbreviations used in this paper: CaBP, vitamin D-dependent calcium binding protein; DBP, vitamin D binding protein; DES, diethylstilbestrol; HAP, hydroxylapatite; la(OH)D3, la-hydroxyvitamin D3; 1,25(OH)2D3, 1,25-dihydroxyvitamin D3; TED, 10 mM Tris, 1.5 mM EDTA, 1 .0 mM dithiothreitol; TEDMo, TED + 10 mM Na-molybdate; biological activity through an intracellular receptor system (1-3) similar to those of the other steroid hormones. Although 1,25-(OH)2D3 receptors have been described in a variety of animal and human tissues (4) , the chick intestinal receptor has been the most extensively studied. In the past, characterization and quantitation of 1,25(OH)2D3 receptors have been hampered by interference from the plasma-derived vitamin D binding protein, which is capable of binding 1,25(OH)2D3 (5, 6) . Recently we observed that unoccupied 1,25(OH)2D3 receptors are predominantly localized in the chromatin fraction of hypotonic homogenates, whereas the vitamin D binding protein remains in the cytosol (7, 8) . Therefore, assay of the chromatin fraction facilitates quantitation of unoccupied 1,25(OH)2D3 receptors in the absence of the vitamin D binding protein (9) .
Quantitation of unoccupied receptors is inadequate for assessing physiological function of the target tissues or the receptors, since only ligand-occupied receptors determine the physiological response. Therefore, we have recently developed an exchange assay for occupied 1,25(OH)2D3 receptors that allows differential quantitation of both unoccupied and in vivo occupied receptors in chick intestinal mucosa (10) . Similar assays in other steroid hormone receptor systems (11, 12) have provided invaluable information on the equilibrium between occupied and unoccupied sites in vivo, as well as the regulation of receptor levels by endogenous and exogenous factors (13, 14) .
This paper provides the first evaluation of changes in the equilibrium between unoccupied and in vivo occupied 1,25(OH)2D3 receptors under varying conditions of vitamin D status and other pertinent physiological perturbations. In addition, the physiological importance of occupied 1,25(OH)2D3 receptors is established by comparison to the magnitude of the biological response.
METHODS
Animals and tissue preparation. Unless otherwise indicated, 1-d-old White Leghorn cockerels were obtained from Pace/Setter, Alta Loma, CA and were raised for 3-4 wk on a standard rachitogenic diet (15) . Subsequent treatments in individual experiments are given in the figure legends. After decapitation, the small intestine was removed, stripped of contents, and washed at 4°C in 0.9% NaCl. All subsequent steps were performed at 4°C unless otherwise stated. The mucosa was collected by scraping with a glass slide and the scraping was thoroughly homogenized in 10 mM Tris, 1.5 mM EDTA, 1.0 mM dithiothreitol (TED) buffer (10% wt/vol, ref. 9) with 10-12 strokes in a glass/ teflon homogenizer (motor driven pestle). After a low speed spin of the homogenate (5,000g, 10 min), the chromatin pellet was washed three times with vigorous vortexing in the same volume of TED + 0.5% Triton X-100. Incomplete removal of cytoplasmic elements may interfere with the action of L-1-tosylamide-2-phenyl-ethylchloromethyl ketone (TPCK) in later steps of the procedure.
Quantitation of unoccupied and occupied receptors (10 (Fig. IA) . This increase in occupied receptor was accompanied by a concomitant, stoichiometric decrease in unoccupied 1,25(OH)2D3 receptors (Fig. lB, C) . Subsequently, 1,25(OH)2D3 re- (Fig. 3A) . A stoichiometric decrease in unoccupied receptor was observed (Fig. 3A) ; thus the total number of 1,25(0H)2D3 receptors remained constant 2 h after all doses injected. There was an apparent plateau of 70% receptor occupancy at 1,25(OH)2D3 doses > 5 nmol (Fig. 3B) Fig. 4 . Surprisingly, the slopes of all three curves were very shallow: a 10-fold increase in the dose of 1a(OH)D3 resulted in only a doubling of the measured parameters. This muted response in all three parameters suggests that either the 25-hydroxylation or a slow release after injection are (20) (21) (22) and to be increased by progesterone (23) and estrogens (23) . We therefore investigated whether these effects could be mediated through effects on the levels of intestinal 1,25(OH)2D3 receptors. The effect of daily treatment with diethylstilbestrol (DES) (5 mg), progesterone (1 mg), or cortisol (0.5 mg)2 was evaluated in chicks raised on a vitamin D-containing diet (Fig. 6) . Although the increase in occupied receptor levels after DES treatment was not statistically significant, it appeared to be biologically significant since CaBP levels were increased. This conclusion is consistent with its reported effects on circulating 1,25(OH)2D3 (23) (24) (25) (26) and previous reports 2 The cortisol dose was diminished to reduce a high mortality rate encountered in previous experiments. of increased intestinal CaBP levels (23). However, there was no effect of any of these steroid hormones on the level of total 1,25(OH)2D3 receptors in the intestinal mucosa (Fig. 6) . Similar results were obtained after acute (24 h) and chronic (8 d) treatment in vitamin D-deficient chicks (not shown). These results are consistent with our inability to detect estrogen receptors in the intestinal mucosa of vitamin D-deficient chicks (data not shown), despite the enhanced vitamin D-dependent CaBP production in the presence of DES (Fig. 6 ).
Effect of reduced dietary Ca++ or phosphorus on 1,25(OH)2D3 receptor levels. Under conditions of reduced dietary calcium or phosphorus, the activities of several aspects of the vitamin D endocrine system are stimulated (27) (28) (29) (30) . In order to determine whether these effects are mediated, in part, through regulation of intestinal 1,25(OH)2D3 receptor levels, chicks were raised on vitamin D-containing diets with normal levels of Ca++ (1.1%) and P (0.75%), low calcium (0.2% Ca", 0.75% P), or low phosphorus (1.1% Ca", 0.25% P). Receptor occupancy was increased in the mucosa of chicks fed the low Ca++ diet (Fig. 7) , in agreement with reports of increased intestinal 1,25(OH)2D3 content (27, 28) and renal 25-hydroxyvitamin D-la-hydroxylase stimulation (28) under these conditions. The total 1,25(OH)2D3 receptor levels were lowered 25% (P < 0.001) by decreased dietary Ca++ and 46% (P < 0.01 vs. low Ca++ group) by reduced phosphorus (Fig. 7) . (Fig. 8A) . Further inspection of these data resulted in the conclusion that the level of occupied receptor at any time after 1,25(OH)2D3 or la(OH)D3 injection will correlate well with the CaBP response at 24 h. Thus at any time point after injection, the receptor occupancy will be determined by the dose administered; and any point on the receptor occupancy time-course reflects the entire shape of the curve at a given dose. Therefore, these data clearly imply a relationship between 1,25(OH)2D3 receptor occupancy and the magnitude of CaBP induction. However, the data cannot answer the question of whether the CaBP response is determined by the level of receptor occupancy at a specific time or by the area under the curve, i.e., occupancy X time. Moreover, the slopes of the correlations will also be affected by the time selected for CaBP measurement, since la(OH)D3 results in maximum receptor occu- (0), or at varying times after 6.5 nmol la(OH)D3 (A). Although the relationship between serum 1,25(OH)2D3 levels and receptor occupancy is actually a hyperbola, approaching saturation at serum 1,25(OH)2D3 levels greater than 2.5 ng/ml, the data at lower concentrations were treated as a simple correlation for the purpose of examining the relationships between the different treatments.
pancy at a later time period and since the CaBP assay measures only accumulation within the tissue (i.e., synthesis minus degradation).
When serum 1,25(OH)2D3 was compared to the level of occupied 1,25(OH)2D3 receptors (Fig. 8B) , there was a positive correlation which was independent of both dose (data from Fig. 4 ) and observation time (data from Figs. 1, 3) . The latter observation was somewhat unexpected and leads to the calculation of the halflives of serum 1,25(OH)2D3 and 1,25(OH)2D3 receptor occupancy after 1,25(OH)2D3 injection, yielding almost identical half-lives (Fig. 9) (Fig. 1) was similar to the profiles seen previously in other steroid hormone receptor systems (13, 31) . The decrease in total 1,25(OH)2D3 receptor levels seen 4-24 h postinjection is similar to the pattern obtained in the estrogen receptor system (19), but not the progesterone receptor system (14, 31 (Fig. 6) was unexpected. These results suggest that the primary control of responsiveness in these physiological states occurs at the renal 25-hydroxyvitamin D3-1-hydroxylase (28, 33) to regulate the circulating levels of 1,25(OH)2D3. Therefore, it is important that in the normal state (vitamin D adequate) only 10-15% of the receptor is occupied (10), affording a maximum potential for responsiveness to elevated plasma 1,25(OH)2D3 levels as dictated by the specific hormonal state of the animal. The existence of the simple coupled relationship between serum 1,25(OH)2D3 and intestinal receptor occupancy (Results) provides a precise mechanism for response of this target tissue to acute changes in the renal 25-hydroxyvitamin D3-1-hydroxylase activity. These observations provide substantiation for the physiological importance of mechanisms for acute regulation of the 1-hydroxylase activity (34) .
The effects of severe dietary Ca++ or phosphorus restriction on total 1,25(OH)2D3 receptor levels (Fig.  7) are interesting, but puzzling. In these deficiency states, one would predict that an increase in the 1,25(OH)2D3 receptor level could improve intestinal responses to circulating 1,25(OH)2D3 and, hence, contribute to homeostatic mechanisms to correct the mineral deficiency. In fact, the opposite response was seen. The mechanism of this effect, as well as the possibility that it may reflect an artifact of the adverse effects of the mineral deprivations rather than a homeostatic compensatory mechanism, is presently under investigation.
